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INDUCED IGNITION DUE TO JET BOUNDARY LAYER 

ABSTRACT 

A study has been made on the possibility of inducing ignition 
in a hydrogen-air mixture due to high temperature peak$ which may 

exist in the hypersonic boundary layer along the walls of a hydro- 

gen venting system. The combustible $ixture may resUIt from hydo- 
gen dumping to the air stream during the atmospheric exit of a 

launch vehicle utilizing hydrogen in its upper stages. 

The flow field associated with the development of the mix- 
ing region involving hot gases in the air boundary layer and cold 
hydrogen, has been studied using analytical and numerical tech- 

niques where finite rate chemistry has been coupled with diffusion. 

TWO conditions were selected for the analysis, corresponding to 
a flight Mach number M=5.4 and flight altitudes of 50,000 ft. and 
150,000 ft. 

configuration and flow conditions selected in the study, high 
teinperature regions in the boundary layer of the venting system 

do not constitute a combustion hazard. 

n o t  be applicable to configurations which are very different from 
those assumed herein, nevertheless the usefulhess of the analytical 

technique employed has been demonstrated and can be applied to 

other practical configurations. 

The results appear to indicate that for the geometric 

The above -conclusion may 
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NOMENCLATURE 

a r a d i u s  of t he  vent ing  tube 

C s p e c i f i c  h e a t  a t  cons t an t  p re s su re  

C s p e c i f i c  h e a t  of  m i x t u r e  a t  cons t an t  p re s su re  

h s t a t i c  enthalpy per u n i t  mass 

H t o t a l  enthalpy 

J mechanical equ iva len t  of h e a t  

k 

k backward r e a c t i o n  ra te  

P 

P 
- 

forward r e a c t i o n  r a t e  
f ,  s 

b ,  s 
K equi l ibr ium cons tan t  
c, s 

L e  L e w i s  number 

M Mach number 

N transformed phys ica l  coord ina te  

P pres s u r e  

P r  P r a n d t l  number 

r rad ia l  d i s t a n c e  

R un ive r sa l  gas  cons t an t  

T temperature 

U v e l o c i t y  i n  a x i a l  d i r e c t i o n  

ill mass ra te  of product ion of s p e c i e s  

W molecular weight 

Y m a s s  f r a c t i o n  of  spec ie s  

6 boundary l a y e r  th ickness  

v i s c o s i t y  
€V 

'H 

'a ir  vent ing  t u b e  

V '  s to i ch iomet r i c  c o e f f i c i e n t s  f o r  r e a c t a n t s  

v" s to i ch iomet r i c  c o e f f i c i e n t s  f o r  products  

P d e n s i t y  

2 c o e f f i c i e n t  r e l a t i n g  th ickness  of boundary l a y e r  t o  r a d i u s  of 

i g n i t i o n  de lay  'ID 
r e a c t i o n  t i m e  TR 

$ stream func t ion  a s  def ined by Equation (14) 
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Subscripts 

e air free stream conditions 

j hydrogen characteristics outside the boundary layer 

i denotes a particular species 

W wa.11 conditions 

T 
I 
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I. INTRODUCTION 

A ques t ion  of considerable  importance during t h e  atmospheric e x i t  

of a launch veh ic l e  u t i l i z i n g  hydrogen i n  i t s  upper s t a g e s  has  been 

t h a t  of t h e  p o t e n t i a l  combustion hazard a s soc ia t ed  wi th  t h e  vent ing  

of  hydrogen i n t o  t h e  a i r s t ream.  One a rea  of concern i s  t h e  p o s s i b i l i t y  

t h a t  t h e  r e s u l t i n g  hydrogen-air m i x t u r e  could be i g n i t e d  i n  t h e  

poximi ty  of t h e  launch vehic le .  Such i g n i t i o n  and combustion may 

r e s u l t  i n  s i g n i f i c a n t  a l t e r a t i o n  of t h e  h e a t  t r a n s f e r  t o  t h e  su r face  

of t h e  veh ic l e  and of t h e  aerodynamic fo rces  and moments app l i ed  t o  

t h e  v e h i c l e .  

The d e s c r i p t i o n  of t h e  ac tua l  phenomena which may be involved 

i n  such 
i n j e c t i o n ,  t h e  a i r s t ream condi t ions and t h e  c h a r a c t e r i s t i c s  of t h e  

dumping hydrogen. 

cases  w i l l  be complicated and w i l l  depend on t h e  mode of  

I n  re ference  1 rep resen ta t ive  modes of hydrogen vent ing w e r e  

examined q u a l i t a t i v e l y  i n  order t o  e s t a b l i s h  cond i t ions  of v e l o c i t y ,  

p re s su re  and temperature where combustion might occur.  The approach 

followed i n  t h e  aforementioned r e fe rence  was b a s i c a l l y  connected 

with t h e  research  performed i n  t h e  k i n e t i c s  of t h e  hydrogen-air  

system. I n  any combustion process two per iods  may be d is t inguished:  

t h e  f i r s t  i s  t h e  induct ion  (or i g n i t i o n  delay)  per iod  which involves  

major a l t e r a t i o n s  i n  composition, b u t  no s i g n i f i c a n t  h e a t  r e l e a s e  

i . e .  no temperature r ise;  t h e  second i s  t h e  h e a t  r e l e a s e  ( o r  r e a c t i o n )  

per iod during which t h e  temperature does r ise.  The t i m e s  

a s soc ia t ed  with both per iods  a re  r e a d i l y  es t imated  f o r  a given pressure  

and i n i t i a l  temperature by means of t h e  following empir ica l  c o r r e l a -  

t i o n s :  
9600 

-3 
TIDP 1: 8 x 10 e Ti 

i -1.12 1 0 - 3 ~  
T R P l a 7  - - 105 e 

where t i m e s  are i n  microseconds, T . ( i n i t i a l  temperature) i n  degrees  

Kelvin and P (pressure)  i n  atmospheres. 
1 
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I t  is  the re fo re  p o s s i b l e  to apply such estimates t o  determine 

the flow l eng ths  a s soc ia t ed  wi th  the induct ion  and h e a t  r e l e a s e  

pe r iods  i f  the  t i m e s  given by the Equations (1) and ( 2 )  are multi-  

p l i e d  by a r ep resen ta t ive  f l o w  ve loc i ty ,  and thus  t o  i n d i c a t e  uqder 

what f l o w  condi t ions  combustion i n  t h e  v i c i n i t y  of the launch 

v e h i c l e  can be expected. 

These e s t ima tes  can be employed t o  make judgements,as t o  

the i n j e c t i o n  modes leading  t o  t h e  s m a l l e s t  p r o b a b i l i t y  of combus- 

t i o n  a r i s i n g  i n  a given e x i t  t r a j e c t o r y .  They do no t ,  however, 

inc lude  cons idera t ion  of such effects as vapor iza t ion ,  mixing and 

flow i n t e r a c t i o n  which w i l l  undoubtedly a l t e r  the p red ic t ed  d is -  

tances  f r o m  the e j e c t i o n  p o i n t  on the  launch veh ic l e  t o  the down- 

stream p o i n t  where combustion could occur  i f  i gd t ion  even tua l ly  

does take p lace .  

a r e  d e s i r a b l e  w h e r e  these e f f e c t s  must be included. 

I t  i s  apparent then ,  t h a t  m o r e  r ea l i s t ic  s t u d i e s  

T h i s  r e p o r t  con ta ins  the ana lys i s  and the r e s u l t s  of ca l -  

c u l a t i o n s  w h i c h  inc lude  t h e  e f f ec t s  of-rnixing i n  a p r a c t i c a l  s i t u -  

a t i o n  w h e r e  the ejected hydrogen could be i g n i t e d  by high tempera- 

t u r e  reg ions ,  c h a r a c t e r i s t i c  of t h e  hypersonic boundary l a y e r  along 

the w a l l s  of the vent ing  tube.  
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11. BOUNDARY LAYER TEMPERATURE DISTRIBUTION 

A t y p i c a l  launch t r a j e c t o r y  under cons idera t ion  i s  shown i n  

Figure 1. This provides  t h e  f r e e  stream values  of v e l o c i t y  and 

s t agna t ion  enthalpy p r e v a i l i n g  a t  t h e  edge of  t he  boundary l a y e r  on 

t h e  w a l l  of t h e  vent ing t u b e .  Within the  approximation of t h e  

P rand t l  and L e w i s  numbers equal t o  u n i t y ,  t h e  Crocco r e l a t i o n  can be 

appl ied  t o  r e l a t e  t h e  enthalpy and v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  

boundary layer .  Accordingly, 

where s u b s c r i p t  e denotes f r e e  stream condi t ions .  

It i s  easy t o  show t h a t  t he  maximum enthalpy wi th in  t h e  l a y e r  

i s  given by 

2 
U 

+% (he+Hw) +% ( 2 2 g J  2 2 g J  
2gJ 

-6 H = %(he-Hw) max = f (He-Hw) W 
h 

U U e e 

The v e l o c i t y  a t  

H -H 
U e w  

e 
- =  
u 2 

which t h i s  maximum i s  obtained i s  g ivenby  

2gJ 
2 
e U 

( 5 )  

By using Equation (4) and t h e  Mol l ie r  c h a r t  f o r  a i r ,  t he  curves 

of Figures  2 and 3 may be constructed.  I n  t h e s e  f i g u r e s ,  t h e  maximum 

tqmperatures which may be found i n  t h e  boundary l a y e r  a t  d i f f e r e n t  

a l t i t u d e  and f l i g h t  speed were p l o t t e d  consider ing two p o s s i b l e  va lues  

of t h e  wa l l  enthalpy. 

and t h e  o the r  t o  a cold w a l l  wi th  Hw=he. 

One corresponds t o  an a d i a b a t i c  wa l l  (H =He) 
W 

It  i s  seen t h a t  it i s  d e s i r a b l e  t o  keep t h e  w a l l  temperature a s  

low a s  p o s s i b l e  i n  order  t o  reduce t h e  temperature peak i n  t h e  

boundary l aye r  - 
0 

I f  a p r a c t i c a l  l i m i t  of a u t o i g n i t i o n  i s  f ixed  a t  1000 K ,  Figures  2 

and 3 show t h a t  t h e  p o s s i b i l i t y  of inducing combustion due t o  high 

temperature peaks i n  t h e  boundary l a y e r  e x i s t  only f o r  f l i g h t  speeds 

above 4000 ft/sec f o r  an  a d i a b a t i c  w a l l  and only above 8000 f t / s e c  f o r  
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a h igh ly  cooled wal l .  

Equation ( 3 )  g ives  the enthalpy d i s t r i b u t i o n  i n  t h e  boundary 

l a y e r  as  a func t ion  o f  t he  ve loc i ty  d i s t r i b u t i o n .  

boundary l aye r  t h e  v e l o c i t y  p r o f i l e s  may be approximated by t h e  

For a t u rbu len t  

where n may be taken equal t o  seven. 

I n  t h e  case  of a laminar boundary l a y e r  t he  v e l o c i t y  p r o f i l e s  

d i scussed  i n  Reference 2 are employed: 

where t h e  c o e f f i c i e n t s  A , B , C  and D a r e  determined s a t i s f y i n g  appropr i a t e  

boundary condi t ions ,  and where N i s  r e l a t e d  t o  t h e  phys ica l  coord ina te  

through t h e  modified Dorodnitsyn t ransformation:  

a + r  

a 

with 6 taken a s  
m 

a+ 6 

m =i 
a 

I n  add i t ion  

(9) 

where a i s  the  nozzle rad ius .  
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The v e l o c i t y  p r o f i l e s  given by (7)  are of i n t e r e s t  because they 

may be appl ied  t o  t h e  case of an a x i a l l y  symmetric flow along a s l ende r  

body over w h i c h  the th ickness  6 of t h e  v iscous  l a y e r  need not  

be small compared t o  t h e  body radius .  T h i s  may be of i n t e r e s t  i n  

high a l t i t u d e  f l i g h t  where th i cke r  boundary l a y e r s  are expected 

because of t h e  decreased Reynolds numbers encountered. 
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111. ANALYSIS 

A theoretical analysis of the problem under consideration cannot be 

performed without defining a suitable model. As discussed previously, the 

actual phenomena which may be involved in the application of interest 

will be complicated and will depend on the mode of ejection, the air 

stream condition and the characteristics of the dumped hydrogen. 

Considering that the specific geometric configurations and flow 

conditions for the fuel exhaust problem were still in the development 

stage, the calculations presented here merely represent an illustration 

of the technique for analyzing the possibility of combustion initiation 

due to nozzle boundary layer effects. 

The model used in the theoretical analysis is shown schematically 

in Fig. 4. It consists of a circular jet of hydrogen exhausting into high 

speed air. The conditions selected for the numerical analysis correspond 

to a flight Mach number 5.4 (ue= 5780 ft/sec) and flight altitudes of 50,000 

ft and 150,000 ft. In both cases conservative estimates for combustion 

initiation were obtained by assuming that the wall of the exhaust tube was 

at the adiabatic temperature of 1660 K. 
0 

In addition, it was assumed that the air boundary layer has a thick- 

ness 6 of one tenth of the radius of the venting tube which was taken 
equal to 0.125 ft. The initial velocity and temperature profile inputs 

are presented in Fig. 5 .  These profiles were computed considering that 

the boundary layer was turbulent. 

The flow field associated with the development of the mixing region 

involving the hot gases of the air boundary layer and the cold hydrogen 

has been studied using analytical and numerical techniques developed at 

GASL. These techniques depend upon two principal advances. The first, 

involved the development of numerical "subdomain" methods of analyzing 

finite-rate chemical systems characterized by many components and many 

reactions. The second advance involved the coupling of the preceding 

numerical technique (which is initially a one-dimensional streamline 

calculation) with two-dimensional and axisymmetric systems. This was 

carried out by dividing each species mass fraction into two components, 

one of which satisfied the coupling diffusion equation whereas the other 

satisfied a one-dimensional coupled chemical growth equation. These 

numerical methods have resulted in calculation speeds up to two orders of 

magnitude faster than heretofore available with conventional techniques. 
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A d e t a i l e d  d e s c r i p t i o n  of the above n u m e r i c a l  and a n a l y t i c a l  

methods a s  w e l l  a s  s t a b i l i t y  ana lys i s  may be found i n  Reference 3. 

The a n a l y s i s  inc ludes  the  effect  of v i s c o s i t y ,  h e a t  conduction and 

d i f f u s i o n .  Boundary l aye r  approximations a r e  assumed i n  wr i t i ng  

t h e  conservat ion laws and s ince  chemical r eac t ions  are considered,  

t h e  hea t  re leased  i s  included i n  t h e  energy equat ion.  Cont inui ty  

equat ions  a r e  s a t i s f i e d  f o r  e a c h  chemical spec ie s  and f o r  t h e  mixture.  

The equat ions used i n  t h e  ana lys i s  a r e  summarized below: 
Species  Cont inui ty  

Energy: 

Momen tum : 

where $ i s  the  stream funct ion  and i s  r e l a t e d  t o  r by: 

II 
2 [ $Id$' r = 2  

PU J 
0 

- 
Le i s  t h e  L e w i s  number, Pr  i s  t h e  P rand t l  number, c- i s  t h e  

s p e c i f i c  h e a t  a t  cons tan t  pressure f o r  t h e  mixture and c i s  the  

v i s c o s i t y .  

P 
V 

The r eac t ion  process  f o r  N d i s t i n c t  spec ie s  can be descr ibed 

adequately by the  set  of R simultaneous reac t ions :  
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1,2, ... N (species) N k N i =  
i- 

V P I s M i  1 (15) V '  M 

i=l s = 1,2, ... R ( r eac t ions  b ,  s 
k i , s  i i_. 

i-1 

The n e t  m a s s  r a t e  of  production of t h e  spec ie s  can be w r i t t e n  as: 

where 
N - 

m = \  v' 
S j r s  

j =l 

and k i s  t h e  forward 
f , s  

N 
F - 
j=1 

reac t ion  rate corresponding t o  t h e  s chemical 
r eac t ion ;  K = k /k t h e  equi l ibr ium constant :  and k t h e  

b, s C l  S f , s  b , s  
backward r eac t ion  ra te  of  t h e  s chemical r eac t ion .  

The R chemical r eac t ions  taken i n t o  cons idera t ion  are those  

descr ibed i n  Reference 4 and are l i s t e d  below: 
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H + O 2  

0 + H2 

H2 -F OH 

2 OH 

H2 4- M 

H O + M  

OH + M 

O 2  + M 

2 

OH + 0 

OH + H 

H + H20 

0 + H 2 0  

2H + M 

O H + H + M  

O + H + M  

20 $. M 

The above chemical reac t ions  involve s ix  (6) r e a c t i n g  spec ie s ,  

The concent ra t ion  of s i n c e  n i t rogen  i s  considered as an i n e r t  gas.  

M a c t i n g  a s  a t h i r d  body i s  considered t o  be equal  t o  t h e  sum of a l l  

seven (7)  of t h e  spec ie s  concentrat ions.  

The r eac t ion  ra te  c o e f f i c i e n t s  are the  following: 

14 -8810/T 

14 -4030/T 

3 x 1 0  e 

3 x 1 0  e 

3 x 1 0  e 

3 x 1 0  e 

1.85 x 10 T e 

9.66 x 10  T e 

8 x 1 0  T e 

2.48 x 10 e 

1.30 x 10 e 

1.33 x 10 e 

3.12 x 10 e 

14 -3020/T 

14 -3020/T 

20 -1 -54,2OO/T 

2 1  -1 -62,20O/T 

19 -1 -60,6OO/T 

13 -660/T 

14 -2490/T 

15 -10i950/T 

15 -12,51O/T 

16 k = 10 
b, 7 

14 = 6 x 1 0  

\ 
I 

I 



TR 613 
10 

T is the absolute temperature in degrees Kelvin. 

and \ -k are in units cm mole sec whereas ki, 5-\,a are in 

cm mole sec . 

The rates kf, l-kf ,* 
3 , -1 -1 

b,4 * 
6 -2 -1 

The detailed procedure for computing the species growth terms 
6 in Equations (11) , (13) are discussed in Reference 5. These 

procedures involve linearization of the species growth expressions, 
making possible the subsequent use of the subdomain method of inte- 

i 

gration of the species conservation equations instead of the usual 

Runge-Kutta and Predictor-Corrector methods. 

It will be noted that a fundamental parameter $n the foregoing 

analysis is the formulation of the viscosity model and with it the 
related conductivity and diffusivity. 

and fundamental specification of these quantities is the goal of 
a great deal of effort by many workers and is far from resolution. 

In the jet under consideration two different limiting regions of 
mixing can be distinguished, in the near field close to the exit of 
the jet (potential core) the mixing is close to two-dimensional and 
the half-width of mixing zone is much less than the radius of the 

venting tube. In the far field the mixing corresponds to that for 

khe usually considered circular j e t .  Thus a careful specification 

of c (x) may be analytically complicated, however, in the immediate 
vicinity of the nozzle which is the region of interest here, 

can be considered as a convenient and representative assumption. 

In general, K is related to the flow variables, e.g., density, 

velocity, and width of the mixing region, but as a first exploratory 
-3 step, a value of K = 10 

across the mixing zone. 

&e accurate determination 

V 

cv - kx 

was fixed based on averaging flow conditions 
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In addition to the aforementioned assumptions concerning the 

formulation of the viscosity model the Plandtl and Lewis number 

were considered equal to unity. 

It is apparent that the flow field in the immediate vicinity 

of the nozzle has to be considered initially in great detail. 

Existing computer programs for the analysis of mixing with com- 
bustion were unable to accommodate the large number of grid points 

necessary for proper resolution of this relatively small region of 

tslc flow field. Consequently, a modification of the existing 

numerical technique was required. 

In fact, for the cases considered here, it was found that in 
order to have good resolution in the region of interest, in excess 

of 1,000 grid points were required from the axis .of symmetry. 

Since this great number of grid points will increase the computa- 

tion time to such an extent to render it impractical, the numeri- 

cal technique was modified to overcome this difficulty. 

The modification introduced here ,consists of concentrating the 
numerical calculations only 

i.e. the thin mixing region 

potential core region which 

on the relevant part of the flow field, 

in the vicinity of the nozzle lip. Thus the 

is yet unaffected by diffusion and combustion 
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i s  e l imina ted  from the ca l cu la t ion .  This  i s  done by " s h i f t i n g "  t h e  

phys ica l  a x i s  a s  shown i n  Figure 6. 

j u s t  ou t s ide  t h e  hydrogen boundary l a y e r  

f r a c t i o n  of the j e t  radius .  

H2 boundary l aye r )  and t)z ( t h e  edge of t h e  a i r  boundary l a y e r )  can 

now be divided i n t o  a feasible number of  g r i d  p o i n t s  g iv ing  the  

desired r e s o l u t i o n  near  the nozzle w a l l .  N o  loss of accuracy occurs 

provided the- lower edge of the  mixing region has  not  a f f e c t e d  the 

f low i n  the neighborhood of the  s h i f t e d  axis. 

approaches t h e  f i c t i t i o u s  a x i s ,  it i s  s h i f t e d  downward u n t i l  it 

coinc ides  w i t h  the  phys ica l  ax i s .  From t h i s  po in t  on, t h e  calculat ion 

would proceed i n  the usua l  manner. The e x t e n t  of the r e l evan t  region 

of the flow f i e l d  assuming the a d i a b a t i c  wa l l  condi t ion  and tu rbu len t  

boundary l a y e r s  i n  given by: 

A i r  Side: 

The a x i s  i s  s h i f t e d  t o  a l oca t ion  

= € a where E i s  a 
6"2 H2 H2 

The region between t), ( the edge of t h e  

When t h e  mixing region 

n A 2 2 2 e 
$ 3 - t ) 2 = - 2 c  a i r  a u  e - 4 

'e 

and 

- 
n=l  

H Side 
2 

2C H2 a 2 u j 3 -  
n = l  

- 2n-1 
ti 2 + 4 log  

2n-1 
2 

15/2  - 2 c  a u  

n=l 
H2 j 



where 
K1 5 = ,  I 

r = -  7K2 
H I 
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2 
U - -  - 

K1 2gJ 

and P, is the pressure, W the molecular weight, C the specific 

heat at constant pressure and R the universal gas constant. 
P 
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I V .  RESULTS OF CALCULATIONS AND CONCLUSIONS 

Computed temperature d i s t r i b u t i o n s  a r e  presented i n  Figures  

7 and 8 f o r  t h e  50,000 f t  and 150,000 f t  f l i g h t  a l t i t u d e  cases .  

I t  i s  seen t h a t  t h e  s t a t i c  temperature peak i n  the boundary l aye r ,  

which can cause i g n i t i o n ,  i s  reduced w e l l  below the au to ign i t ion  

l i m i t s  a t  short d i s t a n c e s  from the nozzle e x i t .  The r a t e  of decay 

of the temperature peak a s  a funct ion of the downstream d i s t ance ,  

i s  d i f f e r e n t  i n  both cases ,  thus a t  a f l i g h t  a l t i t u d e  of 150,000 f t  

a peak value of 400 K i s  obtained a t  x = 4.15 x 10 f t  w h i l e  a t  

50,000 f t  a maximum value of 6 0 0 O ~  s t i l l  e x i s t s  a t  t w i c e  the  above 

d i s t ance .  

0 -2 

This  i s  c o n s i s t e n t  w i t h  the s t rong  dependence of the chemical 

r e a c t i o n s  wi th  pressure ,  i n  f a c t ,  t h e  h igher  t h e  p re s su re ,  t h e  

g r e a t e r  t h e  amount of h e a t  l i b e r a t e d  i n  a given d i s t a n c e  thus ,  counter- 

a c t i n g  the tendency of the d i f f u s i v e  process  t o  smooth-out the temper- 

a t u r e  p r o f i l e s .  An ind ica t ion  of the i n c i p i e n t  chemical a c t i v i t y  

tak ing  p l ace  when t h e  h o t  region of t h e  boundary l a y e r  merges w i t h  t h e  

cold hydrogen being exhausted is  provided by Figures  9 and 10 w h e r e  

m a s s  f ract ions of H20, OH and H ' a r e  p l o t t e d .  

d i s t r i b u t i o n s  a r e  presented a t  a given a x i a l  d i s t a n c e  x = 8.10 f t ,  

f r o m  t h e  exhaust s ec t ion  while i n  Fig.  10 a r e  shown t h e  maximum values  

a t t a i n e d  f o r  t h e  above spec ies  as a func t ion  of t h e  a x i a l  d i s t a n c e .  

These r e s u l t s  appear t o  i n d i c a t e  t h a t  even a t  extreme cases of 

I n  Fig.  9,  t y p i c a l  r a d i a l  
- 3  

l o w  f l i g h t  a l t i t u d e ,  e.g., 50,000 f t  and f l i g h t  Mach number M-5.4, 

t h e  p o t e n t i a l  combustion hazard a s soc ia t ed  wi th  the vent ing  of hydro- 

gen from a j e t  due t o  high temperature reg ions  on t h e  boundary l a y e r  

of t h e  vent ing tubes does no t  e x i s t .  Although t h e  foregoing conclus- 

ions  apply t o  the  model se lec ted  for t h e  s tudy,  the  usefu lness  of 

t h e  a n a l y t i c a l  technique employed has  been dRmonstrated and can be 

appl ied  t o  o t h e r  p r a c t i c a l  configurat ions.  
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